Abstract-A method of realizing nanoantenna systems at optical frequencies is suggested wherein a plasmonic nanowire is placed near a slab waveguide operating near the plasmonic resonant frequency of the nanowire. The polarizability of a nano-sized concentric cylindrical structure with the core made of an ordinary dielectrics and the shell made of a plasmonic material is calculated using Mie scattering theory. When such a core-shell nanowire is placed near a slab waveguide, the transverse magnetic (TM) surface wave guided by the waveguide can interact with the nanowire, and thus part of its energy is scattered into the open space. By reciprocity, under TM wave incidence, the induced dipole on the nanowire will launch a guided mode in the slab waveguide, thus converting part of the incident energy into the guided mode energy. A rigorous analytical treatment of the problem using the Green function of a dipole near a planar slab waveguide is developed, and the properties of such an optical antenna system are studied in detail. The finite element method is also utilized to demonstrate the idea directly.
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I. INTRODUCTION
P LASMONIC materials and their electromagnetic properties have been the subject of extensive study in recent years (for some recent review articles see [1] - [4] . Various elements such as plasmonic waveguides [5] , [6] , optical nanoantennas [7] , super lenses [8] , [9] , deep subwavelength size resonators [10] and nanocircuit elements [11] , [12] to name a few, have been studied recently. State-of-the-art nanotechnology provides various fabrication techniques for a wide range of structures including nanowires, nanorods, nanospheres, and nanoshells [13] - [19] . Scattering resonance of plasmonic particles has been well known for a long time. From Mie's scattering theory, a particle at plasmonic resonance may behave like an induced dipole whose polarizability is determined by the geometry and the material parameters. The polarizability can be very high even though the particle is of deep subwavelength size. It is suggested recently that nanoparticles of concentric structures with cores made of ordinary dielectrics and shell of plasmonic materials, or vice versa, can have resonant frequencies tuned by the ratio of radii of the core and shell in a wide frequency range [13] , [14] , [20] . Manuscript One of the possible applications of plasmonic materials is to build antenna devices radiating and receiving electromagnetic energy at optical frequencies. There have been growing interests in the concept of antenna devices working at optical frequencies in recent years [7] , [11] , [21] - [25] . Design and fabrication of optical antennas with prescribed spatial patterns is an interesting gand challenging task. One of the main challenges here is the fact that in optical frequencies metals do not usually exhibit high conductivities as in RF and microwaves, but rather, they have permittivities with negative real parts. Therefore, conventional techniques of designing the radiating elements and the waveguides based on the metal properties may be less applicable at optical frequencies, while plasmonic resonance phenomena are often used in optical antenna design. Even though the properties of the materials used for antenna design in the RF (metal) and in the optical (plasmonics) domains are different, the nanoantenna design in the optical regime can benefit from the antenna design experiences in RF and microwave. For example, a half-wavelength dipole antenna was designed and fabricated by Muhlschlegel et al. in [7] using noble metals. In another theoretical study, subwavelength particles at plasmonic scattering resonance were suggested as antenna elements and as Yagi-Uda antennas at optical frequencies [11] , [24] , [25] .
In a conventional antenna system in radio frequencies (RF) and microwaves, the source or the load is connected to the antenna through a transmission line or a waveguide, which transfers energy between the two parts. Thus a realistic antenna system is always designed together with the feeding mechanism. However, to the best of our knowledge, most of the current works on optical antennas have dealt with the radiating elements itself, with less attention to the feeding strategy or the complete realization of an optical antenna system including the feeding devices. In this paper, we present, theoretically and numerically, a possible approach for optical antenna systems with the feeding mechanism. Properties of the system such as the energy transfer characteristics and the radiation patterns are given. Finite element method (FEM) is also used to provide numerical simulations.
II. PLASMONIC NANOANTENNA WITH A SURFACE WAVEGUIDE
AS A FEEDING MECHANISM Consider a slab waveguide supporting a guided mode. The field distribution outside of the slab waveguide decays evanescently from the surface. A subwavelength size plasmonic particle is placed near the surface of the waveguide. The particle is of concentric (or coaxial) structure, with the core made of an ordinary dielectrics and shell made of a plasmonic material, and the ratio of radii is tuned to make the particle having plasmonic resonance at the frequency of the guided mode. The evanescent tail of the surface wave can be scattered by the particle and thus part of its energy can be distributed to the open space. As mentioned before, such a particle can be described as an induced dipole, and the scattering is due to the radiation from the induced dipole in the presence of the slab waveguide. Since the particle is at plasmonic resonance, the polarizability can be large, thus the magnitude of the induced dipole can be of high value and the scattered energy can be a considerable portion of the input energy. By reciprocity, such a system can also work as a receiving device. The incident wave generates an induced dipole on the particle, which will launch a guided mode in the slab waveguide. Due to such a coupling between the nanowire and the slab waveguide, part of the energy carried by the plane wave may be transferred into the guided modes and transported away by the slab waveguide. In this arrangement, the slab waveguide and the plasmonic particle actually form a complete nanoantenna system with the radiating and the feeding elements operating at optical frequencies. 1 For mathematical simplicity, in the following discussions we consider the 2-D version of the problem, that is, a core-shell cylindrical nanowire placed near a planar dielectric waveguide, as shown in Fig. 1(a) . Unless otherwise mentioned, the system studied in this paper has the following features: The nanowire has its core made of an ordinary dielectrics (SiO ) but shell of an-negative plasmonic material (Silver) and is treated as an infinitely long cylinder [see the cross section in Fig. 1(b) ]. Under a TM-polarized incident wave (for which the only component 1 For the sake of simplicity in the analysis, here we assume that this nanoparticle (or nanowire, as we assume later) is located above the top surface of the waveguide with a distance d from the surface, suspended in free space with permittivity and permeability . In a more practical scenario, a thin layer of dielectric will have to be placed between the waveguide and the nanoparticle, so that the particle can be printed on this thin dielectric. The presence of such a thin layer may not significantly affect the main conclusions discussed in this paper.
of the magnetic field is parallel to the nanowire axis), the scattered field of the nanowire is dominated by the two-dimensional (2-D) dipolar term at plasmonic resonance. It is worth clarifying that the "dipole" here (and through out this paper) takes the meaning in a 2-D problem, i.e., a 2-D dipole of magnitude is an infinitely long line extending along the third dimension with dipoles sitting on it uniformly so that on an infinitesimal segment of length there exists a dipole of magnitude . Thus a dipole in 2-D actually has the unit of the charge. At the operating frequency the free-space wavelength is 550 nm at which the relative permittivity of silver is [26] and for SiO2. The ratio of radii for the nanowire is set to the value at which the nanowire is at its scattering resonance at 550 nm (the calculation is briefly discussed in the next section). The outer radius of the nanowire is nm. The waveguide has a relative permittivity of and can be made of conventional dielectrics or plasmonic materials (e.g., Ag, Au), but in this paper we concentrate most of our discussions on systems using a slab waveguide of (such as quartz crystal). When the setup is used as a transmitting antenna, a guided TM mode as (1) is fed from the left end of the waveguide [the origin of the coordinate system is at the surface of the waveguide, see Fig. 1 
(a)].
Here is the magnitude of the magnetic field at the center of the waveguide and is the propagating constant of the guided mode along direction. and . When used as a receiving antenna, a plane wave with the TM polarization (i.e., its magnetic field parallel with the axis) is incident on this system with an incidence angle (with respect to the axis) as (2) III. SCATTERING OF A CYLINDRICAL NANOWIRE PLACED NEAR SURFACE WAVEGUIDE
The key issue in studying this antenna system is to calculate the induced dipole on the nanowire under certain input fields. In the transmit mode, the applied input field is the field of a guided mode carried by the slab waveguide as in (1), while in the receive mode the input is an incident plane wave described in (2) . Following a similar approach to the Mie theory [20] , [27] , [28] it can be shown that under TM incidence (i.e., the only magnetic component is parallel with the nanowire's axis), a nanowire of subwavelength radius as shown in Fig. 1(b) behaves like a 2-D induced "dipole" line (heretoafter we simply call it a dipole), with the polarizability as (3) where is the scattering coefficient of the dipolar term given as (4) with (5a) (5b) and are the first and second kind Bessel functions of order 1. It is straightforward to confirm that for the materials used here, the nanowire achieves the scattering resonance at the working wavelength of 550 nm when . Under input electric field , the induced dipole of the nanowire can be written as (6) where is the local field that is composed of the input field , and the part of the dipole radiation scattered by the waveguide . The superscript " " denotes the value of the field evaluated at the position of the nanowire.
can be expressed in terms of the dyadic Green's function as (7) where is the dyadic green function of the slab waveguide while is that of the free space. and again means the value of at the position of the nanowire. is actually the scattered part in Green's function. Combining (6) and (7) we can express the induced dipole directly in terms of the incident electric field as (8) Since is known, the induced dipole can be obtained for any incident field when one has . The problem of dyadic Green's function near a dielectric slab has been studied extensively in the past (see, e.g., [29] and [30] ). Following the approach described in [29] , the results show that where is the distance from the center of the nanowire to the surface of the waveguide, and is the reflection coefficient of the waveguide defined as (11) where (10) can be evaluated numerically for our problem, and the induced dipole moment can then be obtained. Fig. 2 presents the magnitudes of the components of induced dipole in terms of the separation of the nanowire from the slab , under both the transmit mode [in Fig. 2(a) ] and the receive mode [in Fig. 2(b) ]. When the setup is used as a transmitting antenna, a TM guided mode described as (1) is considered as the "input" wave and is the electric field of this mode evaluated at the position of the nanowire. The magnitude of the induced dipole is shown in Fig. 2(a) as the lines with triangle marks. One of the interesting features of the variation of ( or ) versus , is that, does not decay in the same manner as the exponentially decaying magnitude of away from the slab surface. Instead, the maximum of occurs at a certain distance from the surface. This is mainly due to the effect of the interference between the dipole field, and the scattered field of the dipole from the slab. In other words, has a local maximum when , is locally maximized. Similar interference effect has also been observed in the fluorescence of single molecules placed near a planar structure [31] . When the antenna is working under the receive mode, the results are shown in Fig. 2(b) as lines with triangle marks, for which a TM plane wave described in (2) is incident on this structure. In this plot we use . In this case denotes the sum of the electric field of the plane wave and the reflection of this plane wave from the slab waveguide when nanowire is absence. Again due to the interference between the incident and reflected field, there is an obvious variation of the magnitude of the induced dipole when the distance between nanowire and waveguide varies. For comparison, the induced dipoles for a system using a single-material nonplasmonic dielectric nanowire (for which we use ) under both the transmit and receive modes are also plotted in Fig. 2(a) and (b) (the lines with no triangle marks). We also note that, as expected, the induced dipole is much stronger for the concentric core-shell plasmonic nanowire than the single-material nonplasmonic dielectric nanowire, because the polarizability of the former is much higher. This is in general true for single-material nanowires of different positive permittivity. In fact, nanowires of high-positive-value permittivity do provide higher polarizability. However, they can hardly compete with the plasmonic nanowires. The induced dipoles of conventional nanowires are of the same order of magnitude even for nanowires of relative permittivity as high as 20.
IV. PROPERTIES OF THE CORE-SHELL NANOWIRE OPTICAL
ANTENNA FED BY THE SLAB WAVEGUIDE From a knowledge of induced dipole moments on the nanowire, we can now study the transmitting and receiving properties of such optical antenna systems in details. We now consider several aspects of the performance of such a nanoantenna.
A. Radiation Patterns
The value of the field at any position can be evaluated following an approach similar to that in [29] , and the asymptotic behavior of the electric field in the far zone can be evaluated using the conventional steepest decent contour (SDC) method after a transformation of where is generally complex. The far-zone radiated electric field can be written as (12) where is the angle measured from the axis [refer to Fig. 1(a) ], is the reflection coefficient evaluated from (11) at and corresponding and . Fig. 3 shows the radiation patterns of this nanoantenna for the cases of (solid line) and (dashed line). In each case, the pattern is normalized to its own maximum value. Since the two components of the induced dipole ( and ) is connected to through by (8) and (9), while the components of is determined by as in (10), the relative magnitude and phase of with respect to is different at different . Thus the pattern has different forms at different . For the case of , the pattern has a forward-going main lobe (relative to the direction of incident guided mode) at around 50 , and a smaller backward-going side lobe at around . When , however, the pattern is almost symmetric with the lobes directed at around .
B. Power Transfer
One of the key characteristics of an antenna system is the ability to transfer the input energy into the radiated energy. The power transfer properties of the system when used as a transmitting antenna is shown in Fig. 4 . Under the transmit mode, the input guided mode energy can be considered as the "input" energy . The radiated power density can be calculated as where is defined as (12) and is the intrinsic impedance of the free space. Thus the total radiated power is an integration of over the region of , i.e., the region above the slab waveguide. The normalized total radiated energy , is shown in Fig. 4 as the solid line with open triangles. When the distance between the nanowire and the waveguide becomes large, the coupling between the nanowire and the waveguide decreases, as expected, and thus approaches zero. However, does not increase monotonically as decreases, due to the interference effect discussed before. The maximum of happens at around and the maximum of can get to 14.2%. The induced dipole also launches guided modes that can propagate in the positive and negative directions in the waveguide. For a dipole with components and , the launched guided mode with propagating constant has the magnetic field distribution outside of the waveguide as (13) with sign for (propagating to the direction) and sign for (propagating to the direction). is the residue of the reflection coefficient (11) at . The guided mode launched by the induced dipole that propagates in the negative direction is actually the reflection from the waveguideantenna interface, and the ratio of the energy carried by the reflected guided mode to the input energy is shown as the solid line with stars in Fig. 4 . The guided mode propagating in the direction, when added to the original input guided mode (1), gives the transmitted guided mode leaving the waveguide-antenna interface and propagating to the right end of the slab waveguide. The ratio of the energy carried by the transmitted guided mode to the input energy is shown as the solid line with solid triangles in Fig. 4 . The reflected and transmitted energies are not radiated away, but are important figures of merits of the system. Note that the sum of the radiated, reflected and transmitted energies does not add up to the input energy, since there is still some energy that is radiated to the other side of the slab waveguide, which is not of interest here and is not calculated. As the nanowire-waveguide distance increases to a large value, the coupling between the nanowire and the waveguide becomes weak, so that little energy will reflect back (shown in the plot that approaches 0), most of the input energy will transmit to the right side of the waveguide ( approaches 1), as expected. But again, maximum reflection and minimum transmission happens at some certain due to the interference. The gain of the antenna, defined as the ratio of the radiation intensity at the maximum direction to the radiation intensity that would be obtained if all the incident power were radiated isotropically in the upper half-space , is shown in Fig. 5 . The maximum of the gain is about 0.346 and happens when . The energy transfer property when the system is working as a receiving antenna is also calculated for incident angle . As described before, the induced dipole launches guided modes that carry energy transferred from the incident wave. The guided modes propagate to both directions and can be collected at either end of the waveguide as the received energy of the antenna. When divided by the incident power density, it gives the effective receiving cross section of the antenna (in unit of ), which is shown in Fig. 6 Both the -end receiving and the -end receiving situations are shown in the plot. Notice that as varies, the maximum of the receiving cross section is for the incident angle even though the radius of the nanowire is only . For the purpose of comparison, the properties of a system using a single-material nonplasmonic dielectric nanowire made of SiO of the same size as the antenna element is also calculated. These properties are shown as the dashed lines in Figs. 4 and 6 For this system, the maximum of (the dashed line with open triangles in Fig. 4) is in order of , several orders smaller than that of a system using plasmonic nanowire.
(dashed line with stars in Fig. 4 ) is almost 0 while (dashed line with solid triangles in Fig. 4 ) is almost 1 for any , which means most of the energy is transmitted to the right of the waveguide, and little reflected back. In other words, the existence of the nanowire made of ordinary dielectrics has little influence on the mode propagation of the waveguide. The receiving cross section of such a system is shown in Fig. 6 as dashed lines. The cross section when receiving at -direction (dashed line with stars in Fig. 6 ) or at + direction (dashed line with open squares in Fig. 6 ) are both orders of magnitude smaller than those of the plasmonic nanowire at any given .
C. Dispersion Characteristics
In order to analyze the frequency dependence of the radiation characteristics of our nanoantenna system, we need to take into account the frequency dispersion of the plasmonic material. A Drude model is used to describe the frequency dependence of the permittivity of silver which is the shell material in the nanowire, i.e. (14) where is the plasma frequency and the collision frequency. The numerical values of and are obtained by fitting the Drude model to the available experimental results for permittivity of silver [26] in the visible domain. They are expressed as and (rad/s). Fig. 7 presents the plot of the gain of the system over the range of visible domain when nm. The center frequency where the maximum gain occurs actually corresponds to nm, shifted a little from the scattering resonant frequency of the nanowire for which nm. This is because the gain is determined by both the polarizability and the nanowire-waveguide separation distance , and the relative distance changes with the frequency. The bandwidth of our antenna can also be estimated from this plot by finding the full-width-half-maximum (FWHM) of the gain distribution. The quality factor can then be evaluated as where is the center frequency. Since the radiator is electrically small (in the plane, nm, while the center frequency corresponds to nm), one may expect a high , thus a very small bandwidth for this system. However, our calculations show that the bandwidth is relatively broad with (rad/s) and . This is mainly due to the fact that our radiating system is actually composed of the nanowire and the surface waveguide which is ideally infinitely large. The material loss also helps broaden the bandwidth.
V. FINITE ELEMENT METHOD (FEM) SIMULATIONS
Using the commercially available FEM software COMSOL Multiphysics, we simulate our set up in the transmit (Fig. 8 ) and the receive (Fig. 9) modes. In these figures, the "rectangle" is the cross section of the planar slab waveguide, while the small circle is the nanowire. Here, we take the concentric core-shell plasmonic nanowire at . In Fig. 8(a) , the incident guided mode is launched from the left entrance of the waveguide. The plot shows the instantaneous distribution of the magnetic field. We see that due to the core-shell nanowire, the scattered wave is present in the form of ring-like distribution centered at the nanowire. This field distribution actually propagates away, as can be seen by checking the results at different phase angle. We note that the guided mode in the waveguide in the right side of the nanowire is much weaker than the input, implying to be small. This is another indication of the effect of the nanowire. For comparison, Fig. 8(b) shows the instantaneous magnetic field in the same set up when a single-material nonplasmonic nanowire of the same radius but of positive relative permittivity is used. Since the polarizability of positive-permittivity nanowire increases with the magnitude of the relative permittivity, a relatively large value of 20 is used to highlight the possible effects. The color scale is set to the same as Fig. 8(a) . As can be seen in the picture, the radiation from the positive-permittivity nanowire is essentially not noticeable, even though a high-permittivity nanowire is used.
Simulation results of the system in the receive mode are shown in Fig. 9 , in (a) the core-shell plasmonic nanowire is used while in (b), a single-material nonplasmonic nanowire of relative permittivity of 20 is used. A TM-polarized plane wave is incident from the top and again the plot is the instantaneous field distribution of the magnetic field. The nodes inside the waveguide in Fig. 9(a) actually indicate the guided mode launched by the induced dipole. However, when a single-material nonplasmonic nanowire is used as in Fig. 9(b) , almost no guided mode is excited. We do see that the magnitude of the field inside the waveguide is higher than that outside. This effect, which is not a guided propagating mode, is due to the interference of the incident plane wave and the waves scattered from the two waveguide surfaces.
The former discussions concentrated on a system using only one core-shell plasmonic nanowire as the antenna element. Systems using multiple antenna elements can also be analyzed fol- lowing a similar approach by taking into account the coupling between the elements. By properly arranging the positions of the antenna elements, we can design the radiation pattern of the antenna system. Without going into the detailed analysis, here we present some FEM simulation results, as in Fig. 10 . In these simulations, three antenna elements are put at the same distance to the surface of the waveguide, but the distances between the neighboring nanowires are different for the two cases. In Fig. 10(a) , the distance between each two neighboring elements is where is the guided wavelength, thus the input field at the location of each element is of the same phase. The phases of the induced dipoles on each nanowire should be close to each other, so that the maximum radiation direction is expected to be perpendicular to the waveguide. This is actually verified by the results shown in Fig. 10(a) . As the distance between the neighboring elements decreases, the phases are no longer equal, but each element has a leading phase compared to the neighboring one at its right side. Thus the beam will be tilted to the right side. This is demonstrated by Fig. 10(b) , for which the distance be- tween each two neighboring elements is , and a maximum radiation at approximately 45 is observed.
In the analysis and simulations up to Fig. 9 we used a slab waveguide made of ordinary dielectrics . We would like to point out that plasmonic materials can also be used to make the waveguide, and the waveguides used in Fig. 10 are actually made of a material (the loss of the plasmonic material for the waveguide is neglected for the sake of simplicity). Notice that the guided mode on this waveguide has the maxima at the interfaces, a specific feature of the plasmonic waveguide. Depending on the applications, plasmonic waveguides can have advantages over the ordinary dielectric waveguides. For example, since the surface mode on plasmonic waveguide is usually more tightly bound, the system can be more compact along the direction perpendicular to the waveguide. Also, under the transmit mode, it is more difficult for the radiated field of the induced dipole to transfer through the plasmonic slab and get into the other side. Thus the radiation of the system can be confined to the upper region, increasing the performance of the system. 
VI. SUMMARY
In this paper, we suggested a method of realizing nanoantenna systems with feeding element working at optical frequencies by placing plasmonic subwavelength nanowires near a surface waveguide. The properties of such an antenna system were studied in details using Green's function of a dipole near a slab waveguide. The results showed that a considerable portion of the input optical energy can be radiated out. By using a Drude model of the plasmonic material the dispersion properties of the system were also studied. Finite element method was used to simulate the set up. Using the FEM simulations, we also demonstrated the idea of tailoring the radiation patterns of this optical antenna system by properly placing multiple nanoantenna elements near the feeding slab waveguide.
